Layers of Ca-rich garnet-clinopyroxene rocks enclosed in a serpentinite body at Hujialin, in the Su-Lu terrane of eastern China, preserve igneous textures, relict spinel in garnet, and exsolution lamellae of Ca-rich garnet, ilmenite/magnetite, Fe-rich spinel, and also amphibole in clinopyroxene. In terms of their major and trace element compositions, the studied samples form a trend from arc cumulates towards Fe-Ti gabbros. Reconstructed augite compositions plot on the trend for clinopyroxene in arc cumulates. These data suggest that the rocks crystallized from mantle-derived magmas differentiated to various extents beneath an arc. The Ca-rich garnet þ diopside assemblage is inferred to have formed by compressing Ca-rich augite, whereas the relatively Mg-rich cores of garnet porphyroblasts may have formed at the expense of spinel. The protolith cumulates were subducted from near the crust-mantle boundary (c. 1 GPa) deep into the upper mantle (4Á8 AE 0Á6 GPa and 750 AE 50 C). Negatively sloped P-T paths for the garnetclinopyroxene rocks and the corollary of corner flow induced subduction of mantle wedge peridotite are not supported by the available data. Cooling with, or without, decompression of the cumulates after the igneous stage probably occurred prior to deep subduction.
INTRODUCTION
Very high-pressure Ca-rich garnet-clinopyroxene rocks including garnetites have been found as layers in ultrahighpressure (UHP) metamorphic belts (Evans et al., 1979; Yang, 1991; Becker & Altherr, 1992; Klemd et al., 1994; Becker, 1996; Vrána & Frýda, 2003; Yang et al., 2005) and xenoliths in kimberlites (O'Hara & Mercy, 1966; Harte & Gurney, 1975; Jerde et al., 1993) . Whereas some of those associated with marbles and gneisses may be derived from sedimentary protoliths (Becker & Altherr, 1992; Klemd et al., 1994) , and some were derived from rodingites (Evans et al., 1979) , the origin and cause of the Ca-rich characteristic of others remain unclear. Study of the nature of the protolith and the metamorphic histories of such rocks is important to understand the previous architecture and evolution of orogenic belts, and may shed some light on the origin of xenoliths in kimberlites.
Mineral assemblages of garnet þ clinopyroxene AE ilmenite AE magnetite AE Fe-rich spinel/hercynite AE olivine AE amphibole [hereafter Grt-Cpx rocks; mineral abbreviations after Kretz (1983) ], with grossular contents in garnet ranging from 36 to 70 mol %, occur as layers in a large serpentinite body at Hujialin, Rizhao County, in the middle of the Su-Lu UHP metamorphic terrane, eastern China (Fig. 1 ). They were previously named 'garnet clinopyroxenites' and their origin has been the subject of a number of studies. Based on field and petrographical observations, Yang (1991) suggested that they were cumulates in the uppermost mantle, an interpretation supported by the analysis of geochemical data (Jahn, 1999) . On the other hand, Zhang et al. (1994) considered these rocks to be the 'best relics' of the low-P (P, pressure; T, temperature) protolith of the mantle-derived garnet peridotites in the Su-Lu terrane. An early stage of cooling and compression from low-P/high-T to high-P/low-T conditions was proposed by Zhang et al. (1994 Zhang et al. ( , 2000 , based on their P-T estimates for the early stage metamorphism of the Hujialin Grt-Cpx rocks and the peak metamorphic conditions of garnet peridotites from the same terrane. Zhang et al. (2000) further argued that garnet peridotites in this region were formerly mantle wedge materials, incorporated into the orogenic belt as a result of corner flow in the wedge. Hiramatsu & Hirajima (1995) proposed a similar P-T path based on a petrological study of the Hujialin GrtCpx rocks alone. Most recently, proposed that the Hujialin Grt-Cpx rocks either were derived from clinopyroxenites at 4-5 GPa and 1400 C, which were then subducted to 5-7 GPa and 1000 C, or they might have been formed at >15 GPa and 1500 C. Additionally, the Ca-rich Hujialin Grt-Cpx rocks might also be considered genetically related to seafloor alteration of a mafic protolith, because their CaO contents are higher than the lower CaO limit (15 wt %) for rodingites (Evans et al., 1979) .
The present study aims to: (1) investigate the origin and tectonic setting of the protoliths of the Hujialin GrtCpx rocks, based on field relations, petrology, whole-rock and mineral major and trace element geochemistry, and isotope data on whole-rocks and minerals; (2) show that UHP metamorphism of spinel clinopyroxenites can produce the Ca-rich Grt-Cpx rocks; (3) evaluate peak metamorphic P-T conditions and discuss the P-T path followed by the Hujialin rocks and its tectonic implications for the Su-Lu-Dabie orogenic belt.
GEOLOGICAL SETTING AND FIELD RELATIONS
The Su-Lu UHP metamorphic region, initially referred to as the 'Su-Lu Coesite-Eclogite Province' by Yang & Smith (1989) , is the eastern part of the Triassic QinlingDabie-Su-Lu collision belt between the Sino-Korean and Yangtze cratons, offset to the NE from the Dabie terrane by the Tan-Lu fault zone ( Fig. 1 ) (Yang, 1991) . It is bounded by the Wulian-Yantai fault to the north and the Jiashan-Xiangshui fault to the south. The SuLu terrane, largely corresponding to the 'Jiaonan Group' in old Chinese geological literature, mainly consists of quartzofeldspathic gneisses, migmatites and granitoids, with minor, but widespread, UHP eclogites, amphibolites, metasediments (marbles, jadeite quartzites, etc.) and ultramafic rocks (serpentinites and peridotites). Some eclogites appear within or closely associated with ultramafic rocks, and some are intercalated with country-rock gneisses and metasediments. Sm-Nd and U-Pb dating of the eclogites (Li, 1993; Hacker et al., 1998) , UHP gneisses (Liu et al., 2004) , and garnet peridotites (Yang & Jahn, 2000) shows that they were all subjected to UHP metamorphism at 245-220 Ma. A parallel blueschist belt occurs to the south of the UHP metamorphic belt. Numerous serpentinite and eclogite bodies occur within gneiss along folds, faults, and mylonite zones in the SE of Rizhao County (Fig. 1) . Several eclogite (with or without quartz/coesite) layers were observed within the largest serpentinite body in this area (Yang, 1991) . A serpentinite body occurs at Hujialin in the axis of a synform and is itself folded. Layers of Grt-Cpx rocks are found within the serpentinite.
The Grt-Cpx rock layers are elongated in the southnorth direction for c. 225 m and together occupy c. 105 m in the east-west direction. They display sharp contacts with the enclosing serpentinite. In some drill-core samples they are sandwiched between harzburgite layers and separated from them by a thin layer of a Tlc þ Srp þ Cal assemblage. A cross-section made along early exploratory trenches dug parallel to the short axis of the Hujialin complex (Yang, 1991) is shown in Fig. 2 . The Grt-Cpx rocks are generally massive. Foliated garnet-rich rocks (over 40 vol. % Grt) occur in the central part of the complex. Black boulders of coarse-grained augite with garnet lamellae are found near the central part of the body. Their original contact relationship with other Grt-Cpx rocks, however, is not exposed. The Grt-Cpx rock layers split along the long axis into thin veins and merge into the serpentinite at the northern boundary of the outcrop (Fig. 3a) . In places, garnet-rich and diopside-rich bands are strongly folded. Garnet locally concentrates to form garnetite (Fig. 3b) . Magnetite veins (0Á5-1Á0 cm wide) are observed in the Grt-Cpx rock layers. Garnet-poor and diopside-rich rocks appear in the outer parts of the body. Sensitive high-resolution ion microprobe (SHRIMP) dating of zircon grains separated from some olivine-bearing Grt-Cpx rocks gave ages ranging from 223Á1 AE 8Á4 Ma to 185Á2 AE 7Á4 Ma (Gao et al., 2004) , which were interpreted to represent the age of exhumation.
Blocks of harzburgite occur in the SW of the Grt-Cpx rock complex (Fig. 2) . The harzburgite is fine-grained, massive, and fresh, and is clearly distinguishable from the strongly weathered enclosing serpentinite. The harzburgite and the host serpentinite display sharp contacts. The gneiss is strongly foliated near the boundary with serpentinite.
PETROGRAPHY

Grt-Cpx rocks
Clinopyroxene and garnet are predominant in the rocks. Based on texture and modal abundance, four types of Grt-Cpx rocks are distinguished.
Type I is represented by the black boulders (RH86-10 to RH86-12) (up to 20 cm) and is dominated by coarsegrained (up to 6 mm) augite. The grain boundaries suggest an igneous texture (Fig. 4a) . Extensive exsolution lamellae (up to 3 mm long) of garnet, opaque minerals, and green spinel occur inside and at the boundaries of the augite. The opaque mineral lamellae are often armoured by garnet (Fig. 4b) . Large augite grains also include coarse opaque minerals, and in some cases, amphibole (Fig. 4c) . Fine amphibole lamellae are seen in the same augite grain when viewed as a backscattered electron (BSE) image (Fig. 4d) , occupying c. 14 vol. % of the whole image. In places, green spinel tablets appear as the only exsolved mineral. Local deformation has caused undulose extinction in augite containing broken lamellae and fine grains (0Á02-0Á07 mm) of garnet, green spinel, and residual diopside.
Type II Grt-Cpx rock is the most abundant and is composed of porphyroblasts (up to c. 3 mm) of pinkish yellow garnet in a matrix of fine-grained (up to c. 0Á7 mm) pale green diopside, opaque minerals associated with green spinel, and yellow garnet (Fig. 4e) . Aligned garnet porphyroblasts form bands; they include rounded clinopyroxene, opaque minerals, and/or spinel grains. In some cases, the clinopyroxene inclusions in turn enclose garnet and/or opaque lamellae. Small garnet grains cluster in groups and form up to 40 vol. % of the matrix. Aggregates of magnetite and spinel are abundant in some samples. In rare cases, some large augite grains appear to be xenocrysts with lamellar or rounded garnet and magnetite inclusions. They are interpreted as relict augite from type I Grt-Cpx rocks.
Type III Grt-Cpx rock is garnetite; these are boulders dominated by variable sized garnet (Fig. 3b) . They can be further divided into three subtypes. One of these (RH85-16) consists of aggregates of small (c. 0Á1 mm) garnet grains, which look like large poikiloblastic garnet crystals (up to 10 cm) in hand specimen. Minor amounts of diopside and opaque minerals occur as inclusions or interstitial grains between the small garnet grains. BSE imaging shows that some magnetite grains contain oriented ilmenite lamellae in this sample. Another subtype (RH86-01) consists of large garnet grains (up to 4 mm), replaced by epidote, amphibole, and titanite. The garnet is free of clinopyroxene inclusions but contains acicular needles of rutile ( Fig. 4g) , which display inclined extinction under cross-polarized light. A third subtype (RH86-16) consists of garnet megacrysts (up to 1Á5 cm) including rounded grains of clinopyroxene (1-3 mm), which contain extremely narrow plates of opaque minerals, larger ilmenite inclusions with magnetite and hercynite lamellae, and, rarely, c. 0Á15 mm garnet lamellae (Fig. 4 h) . This megacrystic garnet does not contain rutile needles.
Type IV Grt-Cpx rock is diopsidite consisting mainly of fine-grained diopside (Fig. 3a) , with minor garnet and olivine.
Ultramafic rocks (serpentinite and harzburgite)
Massive serpentinite samples are mainly composed of serpentine, chlorite, and magnetite. Foliated harzburgite contains rare orthopyroxene and amphibole porphyroblasts (up to c. 2 mm) set in a fine-grained (up to c. 0Á7 mm) (c); (e) porphyroblastic texture of the most abundant type II Grt-Cpx rock (RH85-13); (f ) BSE image of porphyroblastic garnet (RH86-06); the garnet core (Garnet 1) and the more Ca-rich garnet rim (Garnet 2) are in sharp contact; (g) rutile needles in coarse-grained garnet (RH86-01); (h) clinopyroxene with garnet lamellae is included in megacrystic garnet (RH86-16).
matrix of olivine, orthopyroxene, talc, amphibole, chromite, and chlorite. Orthopyroxene is surrounded by talc and olivine. Orthopyroxene and chromite also appear as separate inclusions in olivine. Fine chromite grains, some with rims altered into spinel, form elongated aggregates in the matrix.
ANALYTICAL METHODS Whole-rock major and trace element analysis
The major element compositions of representative samples were analysed by X-ray fluorescence (XRF; Rigaku 2100) and trace elements by solution inductively coupled plasma mass spectrometry (ICP-MS; Elan 6100DRC), at The Key Laboratory of Continental Dynamics (KLCD), Northwest University (Xi'an). A dissolution bomb was heated to 190 C for 36 h to guarantee complete dissolution of refractory accessory minerals such as zircon. FeO was analysed by the conventional titrimetic method. The difference between total FeO and FeO was then converted into Fe 2 O 3 . The analytical uncertainties (2s) are: <1% for SiO 2 , Fe 2 O 3 and MgO; <5% for Al 2 O 3 , CaO and MnO; <10% for Na 2 O and K 2 O; and 10% to 20% for TiO 2 and P 2 O 5 , respectively. For trace elements, the uncertainties vary from <5% to <20%, depending on the concentration levels. The fine-grained garnetites (type III Grt-Cpx rocks) consisting of >90 vol. % garnet were not analysed. The data are listed in Tables 1 and 2 .
Mineral major and trace element analysis
Major elements in minerals were analysed using a wavelength-dispersive electron microprobe (Cameca SX51) at the Institute of Geology and Geophysics, Chinese Academy of Sciences (Beijing). Analytical conditions were accelerating voltage 15 kV, beam current 20 nA, electron beam diameter 1 mm, and counting time 10 s, except for P, which was counted for 20 s. P was analysed only in a garnet sample containing an appreciable amount of Na ( , were calculated by assuming stoichiometry and charge balance (Droop, 1987) . Mineral end-members were calculated following Yang (1992) . Representative data are given in Tables 3-6. Trace elements in a coarse clinopyroxene grain with less extensive exsolution of garnet and ilmenite, a clinopyroxene inclusion and the host garnet, were analysed at KLCD by ICP-MS (Elan 6100DRC) coupled with a 193 nm ArF-excimer Laser (ComPex 102) ablation system (GeoLas 200 M) (ELA-ICP-MS). Maximum beam energy was 210 mJ and spot size was 60 mm. Helium was used as the carrier gas. The external standard was NIST610. Given the interference of 43 Ca by 27 Al 16 O, Gao et al. (2002) . The data are listed in Table 7 .
WHOLE-ROCK MAJOR AND TRACE ELEMENT COMPOSITIONS
A major characteristic of the Hujialin Grt-Cpx rocks is that they all have high CaO (!15Á86 wt %) and low Na 2 O ( 0Á61 wt %) contents. MgO is negatively correlated with SFeO, Al 2 O 3 , and TiO 2 , and positively correlated with SiO 2 (Fig. 5 ). Zr and V are negatively correlated and Cr and Ni positively correlated with Mg/(Mg + Fe) (Fig. 6 ). Type I Grt-Cpx rocks (e.g. RH86-10) are relatively low in Mg and Cr, and high in Ti, Fe, and light rare earth elements (LREE) ( Tables 1  and 2 ). Some type II Grt-Cpx rocks have compositions similar to those of type I (Table 1) . Diopsidite has the highest Mg, Cr and Ni, and lowest Ti and Fe contents. The REE abundances in the Grt-Cpx rocks are in the range of 1-30 times C1 chondrite. They are positively correlated with Fe and Ti. Their chondrite-normalized REE patterns are convex upward (Fig. 7a ) and mimic that of clinopyroxene ( Jahn, 1999) , suggesting that their protoliths were clinopyroxenites. Compared with normal mid-ocean ridge basalts (MORB) (Hofmann, 1988) , the rocks are significantly enriched in Ba, Ti, Co, Mg, Ni, and Cr, slightly depleted in LREE, increasingly depleted from middle REE (MREE) to heavy REE (HREE), and strongly depleted in K, P, Nb, and Zr (Fig. 7b) . Serpentinite and harzburgite are very low in Al, Ti, Ca, and Na. A sample of serpentinite (RH85-701) enclosing the Grt-Cpx rocks displays a large negative Eu anomaly, whereas the other sample (RH85-702b) collected from the middle of the large serpentinite body east of Hujialin (Fig. 1 ) lacks a Eu anomaly. All the ultramafic rocks have La N /Yb N >1.
MINERAL MAJOR ELEMENT COMPOSITIONS Garnet
Variation of garnet composition is mainly in the relative proportions of the pyrope and grossular components ( Spe 0-1 , including the compositions of garnet lamellae exsolved from clinopyroxene, core to rim of garnet porphyroblasts in some samples, aggregates of fine-grained garnet in the matrix, and some coarse-grained garnet bearing rutile needles. The grossular content of the garnet displays a generally positive correlation with the Alm/Prp ratio. Garnet in some samples contains appreciable amounts of Na. For example, the Na 2 O content in the coarse-grained Ca-rich garnet in sample RH86-01 is 0Á03-0Á12 wt %, with an average of 0Á075 AE 0Á024 (1s) wt %. Garnet porphyroblasts are in places rimmed by a new generation of fine-grained garnet, which is brighter in the BSE images (Fig. 4f ) , displaying sharp contact boundaries. Such garnet rims are enriched in Ca and Mn to different extents relative to their cores. In places, the contacts are diffuse, where Ca and also Mn contents increase and Mg content decreases substantially towards the rim. Hiramatsu & Hirajima (1995) reported the most Caand Mn-rich and Mg-poor composition (Prp 5 Alm 22-Gro 70 Spe 3 ) at the outermost rim of a garnet grain (Fig. 8) .
Pyroxene
Coarse-grained clinopyroxene in the Grt-Cpx rocks is higher in Al, Na, Cr, and Ti (Fig. 9) , and lower in Mg [X Mg ¼ Mg/(Mg þ Fe) ¼ 0Á88-0Á92] (taking all Fe as Fe 2þ ), Ca, and Si, compared with the fine-grained diopside (X Mg ¼ 0Á92-0Á94) ( Table 4 ). The highest Al 2 O 3 content in a large clinopyroxene grain with less extensive garnet exsolution lamellae is 5Á06 wt %, with a minimum X Mg of 0Á90. Many clinopyroxene analyses have Al IV /Al VI > 1, reflecting their original igneous compositional characteristics (e.g. Debari & Coleman, 1989) . A compositional trend from close to the precursor augite with high Ti contents toward high Na and Al compositions is formed by the residual clinopyroxene after different extents of exsolution (Fig. 9) , with the fine-grained diopside highest in Na and Al, indicating a higher jadeite component (up to 5 mol %). In terms of Ca-Mg-Fe, the clinopyroxene compositions reported earlier (Hiramatsu & Hirajima, 1995; Zhang et al., 2000) and in this study mostly plot in the field for diopside (Fig. 10) , with a few analyses falling well above the 50% Ca line of the pyroxene quadrilateral.
Orthopyroxene in harzburgite is Al-and Cr-poor and subtly zoned in composition, with Al increasing and X Mg decreasing from the cores (!0Á17 wt % Al 2 O 3 and c. 0Á93, respectively) to the rims ( 0Á97 wt % Al 2 O 3 and c. 0Á92, respectively). (Hiramatsu & Hirajima, 1995; Zhang et al., 2000) . In most samples, magnetite is enriched in Ti (Table 5 ), more so in the cores of large grains. Appreciable amounts of V and Zn are detected in otherwise pure magnetite in some samples, whereas magnetite in other samples is enriched in Cr. Chromite in the harzburgite is mainly a solid solution between chromite and spinel, with <10 mol % of picrochromite. Ilmenite grains in the Grt-Cpx rock matrix are richer in Mg (Gkl 12 Ilm 88 ; where Gkl is geikielite, and Ilm is ilmenite) than those included in garnet (Gkl 5 Ilm 95 ), which are slightly more enriched in Mg than the ilmenite lamellae in augite (Gkl 3 Ilm 97 ) (Table 3) .
Amphibole, titanite, epidote, chlorite and talc
Amphibole in the Grt-Cpx rocks is pargasitic; it is higher in Na M4 in the rock matrix than amphibole inclusions in clinopyroxene (Table 6 ). Amphibole in Ca-rich garnetite is higher in Fe than in the other Grt-Cpx rocks. Amphibole in the harzburgite is mainly actinolite, that replacing orthopyroxene is higher in Al, and some analyses are pargasite.
Coarse-grained titanite coexisting with epidote and amphibole is very close to pure CaTiSiO 5 , with negligible (Al,Fe 3þ )(F,OH)Ti -1 O -1 substitution. Both epidote and zoisite occur in the Grt-Cpx rocks as retrograde minerals replacing garnet. The rim of zoisite is slightly higher in Fe. Chlorite in Grt-Cpx rocks varies in X Mg in different samples, with that in the Ca-rich garnetite being the lowest. Chlorite in harzburgite is the highest in X Mg and contains significant amounts of Cr. Talc in the harzburgite is low in Fe and Al. Jahn (1999) . Similar assemblages from other localities are also shown.~, Scharbert & Carswell (1983) ; !, Vrána & Frýda (2003) ; þ, xenoliths in kimberlite (Harte & Gurney, 1975) ; B, field for data from Becker (1996) ; MP, field for data on pyroxenites in supra-subduction zone ophiolites (Melcher et al., 2002; Parlak et al., 2002) . Grey field indicates oceanic gabbros (Holm, 2002) ; dotted field, Fe-Ti gabbros (Scambelluri & Rampone, 1999 , and references therein); black field, Grt-Cpx rocks from Rushan, north Su-Lu terrane (Yang et al., 2005) .
MINERAL TRACE ELEMENT COMPOSITIONS
Clinopyroxene shows convex upward chondrite-normalized REE patterns, with Pr and Nd 10-30 times and HREE 0Á2-0Á4 times chondrite (Fig. 7a) . Clinopyroxene inclusions in garnet have systematically lower trace element contents than the exsolution lamellae-bearing large clinopyroxene grains, except for Ba, Ni, and Cr, which are significantly higher in the clinopyroxene inclusions (Table 7) . Garnet is depleted in LREE but is enriched in MREE to HREE and has a flat chondrite-normalized REE pattern.
DISCUSSION
Origin of the Grt-Cpx rocks: geochemical and isotope evidence
The Hujialin Grt-Cpx rocks are at the low-MgO and high-CaO end of the compositional spectrum of pyroxenites from supra-subduction zone ophiolites (Melcher et al., 2002; Parlak et al., 2002) and from garnet peridotite massifs in Austria (Becker, 1996) (Fig. 5) . With the exception of TiO 2 , they exhibit a range of variation in whole-rock composition similar to that of the Austrian garnet pyroxenites. Their Ca-rich and Na-poor wholerock compositions are consistent with an origin as cumulate clinopyroxenites. Most of the samples lie on a compositional trend from high-Mg cumulates to gabbros (Fig. 5) . This, together with the high total Fe and Ti contents, indicates that they were cumulates not from primary magmas in equilibrium with mantle peridotite, but from evolved magmas after variable amounts of differentiation in which magnetite crystallization was suppressed (e.g. Miyashiro & Shido, 1975) . Fractional crystallization of olivine and low-Al clinopyroxene from primary magmas produces lower Mg/(Mg þ Fe) and higher Al magmas (e.g. DeBari & Coleman, 1989) . Diopsidites near the boundary with the enclosing serpentinite were probably derived from cumulates of less evolved magmas, whereas type I and some type II garnet-rich rocks near the centre of the Grt-Cpx rock body seem to have been derived from cumulates of more evolved magmas. The Grt-Cpx rocks are generally depleted in incompatible elements such as Rb, Sr, and LREE relative to MORB, but are enriched in compatible elements such as Cr, Co, and Ni. Such compositions cannot be produced directly by the partial melting of mantle peridotite, but can be formed by crystal accumulation from mantlederived melts (Suen & Frey, 1987) . Correlations between trace elements and Mg/(Mg þ Fe) (Fig. 6 ) are similar to the trends of arc cumulates crystallized from fractionated tholeiitic magmas (Debari & Coleman, 1991; Müntener et al., 2001) . The type I and some of the type II Grt-Cpx rock samples plot away from the main trends in the SiO 2 and TiO 2 vs MgO diagrams (Fig. 5) . Their very low Mg/(Mg þ Fe) ratios and high total Fe and Ti contents suggest the presence of cumulus magnetite and ilmenite in the protolith. Local concentrations of these minerals may result in the compositional variation away from the igneous trend. The low Si and high Al contents of these Grt-Cpx rocks are also related to their higher modal contents of garnet and spinel. The Al-rich spinel occurring as granular inclusions in garnet was likely to have been present in the igneous protoliths. The lack of a Eu anomaly and absence of textural evidence for the (220) values to be in the range 0Á7032-0Á7036 and þ1Á2 to þ2Á9, respectively, consistent with a cumulate origin in the mantle. The e Nd (220) values are lower than expected for mantle-derived rocks, which may suggest input of a continental crustal component into their mantle source, possibly from subducted sediments.
The Grt-Cpx rock enclosed in eclogite from north Su-Lu described by Yang et al. (2005) is even higher in CaO than the Hujialin rocks. Its protolith is roughly a monomineralic clinopyroxenite enclosed within a gabbro (now eclogite). An extremely low Mg/(Mg þ Fe) ratio suggests that it also represents a cumulate from a differentiated magma. It is possible that similar mineral assemblages in other orogenic belts may have similar origins. The Ca-rich Grt þ Cpx assemblages from kimberlites (O'Hara & Mercy, 1966; Harte & Gurney, 1975 ) also share such mineralogical and petrological characteristics, and may also represent recycled cumulates.
Origin of Grt-Cpx rocks: mineral chemistry evidence
Garnet locally forms aggregates, recrystallized into garnetites with both Mg-rich (RH86-16) and Ca-rich (RH86-01 and RH85-16) compositions, with relict clinopyroxene (rarely containing garnet lamellae) in the more Mg-rich garnet megacrysts, and fine-grained diopside between Ca-rich garnet aggregates. The spinel and clinopyroxene inclusions in garnet porphyroblasts indicate that the garnet cores formed at the expense of these minerals after the igneous stage.
Exsolution of garnet, ilmenite, magnetite, and spinel would have removed Al, Ti, and Fe from the precursor augite, whereas almost all the Na, and much of the Ca, Mg, and Si remained in the host grain to form diopside (Fig. 9) . Reconstruction of precursor clinopyroxene compositions for the Hujialin clinopyroxenites was attempted for samples RH86-08 and RH86-12, based on BSE imaging (0Á38 mm · 0Á53 mm) of the interiors of 10 garnet-and oxide-bearing clinopyroxene grains. As the proportions of exsolution lamellae are variable, with garnet ranging from 2Á3 to 21Á7 vol. %, spinel from 0 to 1Á7 vol. %, and opaque minerals from 1Á8 to 4Á6 vol. %, the reconstructed clinopyroxene compositions are variable (Table 8 ). In addition, because of the difficulty in distinguishing ilmenite from magnetite, estimates of their proportions in the exsolution texture are imprecise.
Assuming that the molar proportions of ilmenite and magnetite are 1:1, the reconstructed Ca-Mg-Fe compositions of the precursor clinopyroxene fall into the field of clinopyroxene in ultramafic cumulates beneath island arcs (Conrad & Kay, 1984; Debari & Coleman, 1989; Parlak et al., 2002) (Fig. 10) . They are This study Hiramatsu & Hirajima (1995) Measured mineral compositions:
Cpx and olivine (This study) Hiramatsu & Hirajima (1995) , Zhang et al. (2000) Ultramafic cumulates from SSZ ophiolite, southern Turkey (Parlak et al., 2002) Range of cumulate minerals in Aleutian arc (Conrad & Kay, 1984) Amp also roughly within the array for clinopyroxene in arc cumulates in an Al 2 O 3 vs Mg/(Mg þ Fe 2þ ) diagram (Fig. 11a) , consistent with magma differentiation as a result of fractional crystallization of olivine and low-Al and high-X Mg clinopyroxene.
Igneous clinopyroxene with high Al IV /Ti ratios is characteristic of subduction-related cumulates (Loucks, 1990) . The clinopyroxene analyses in the Hujialin GrtCpx rocks form an array slightly steeper than the trend for arc cumulates, with lower Ti contents (Fig. 11b) .
Given that the clinopyroxene compositions are metamorphic and mostly represent residues from exsolution of minerals including Fe-Ti oxides, their igneous precursors must have been richer in Ti. The reconstructed augite compositions in this study and those by Hiramatsu & Hirajima (1995) and plot well within the array for arc cumulates, although the tetrahedral Al contents in some samples are higher than those recorded by Loucks (1990) as a result of magmatic differentiation. Considerable amounts of Fe 3þ (or esseneite component) are implied by the presence of magnetite exsolution lamellae in the igneous augite; amphibole lamellae in some clinopyroxene grains may suggest hydroxyl in the precursor augite. These are typical features of clinopyroxene in island-arc cumulates (Loucks, 1990) . Chen et al. (2003) also reported pargasite and ilmenite lamellae in clinopyroxene from Hujialin. They showed coherent lattice interfaces between the pargasite and the host clinopyroxene, and concluded that the pargasite was formed by exsolution from the clinopyroxene. Using the volume data of , the c. 14 vol. % of pargasite in Fig. 4d translates into c. 3Á8 mol %; hence, the amount of H 2 O in this grain is about 2900 ppm. Given the low partition coefficient (0Á01-0Á03) for H 2 O between clinopyroxene and basaltic magma (Hauri et al., 2004) , it is questionable if all these amphibole lamellae are the products of exsolution from the host augite. On the other hand, the fact that pargasite occurs only inside and not on the boundaries of the host clinopyroxene ( Fig. 4c and d) indicates that it crystallized during cooling from the igneous stage, precluding the possibility that it resulted from ingress of external fluid during latestage exhumation. Therefore, the pargasite lamellae in clinopyroxene are either the products of exsolution or prograde inclusions. The local preservation of such amphibole lamellae in clinopyroxene, along with spinel in garnet, at Hujialin indicates that they survived UHP metamorphism. A similar case involving preservation of prograde amphibole in clinopyroxene was described for a UHP garnet lherzolite at Zhimafang in the southern Su-Lu terrane (Yang, 2003) .
According to Gust & Perfit (1987) , Cpx AE Ol are liquidus phases in anhydrous high-Mg island arc basalts at 0Á5-1 GPa. Amphibole becomes a near-liquidus phase when the water content of the system is high (Conrad & Kay, 1984; Müntener et al., 2001) . The pargasite inclusions in clinopyroxene, therefore, imply elevated P H 2 O during the igneous stage of the Hujialin Grt-Cpx rocks.
The composition of olivine ) and its modal abundance ( 15 vol. %) are typical of cumulates produced by crystal fractionation from mafic melts (Conrad & Kay, 1984) . The green spinel containing considerable amount of hercynite is often found in mafic-ultramafic cumulates (Conrad & Kay, 1984; Melcher et al., 2002) .
Mineral assemblages of Ca-rich Grt þ Di þ Ilm þ Mag AE Ol AE Ep AE Ttn AE Amp, similar to those at Hujialin, have previously been described as metarodingites in the Central Alps, where former oceanic basalts and gabbros were subjected to rodingitization before being metamorphosed at high pressure (Evans et al., 1979) . The very high CaO contents (>15 wt %) and very low Na 2 O and SiO 2 contents (<1 wt % and <48 wt %, respectively) of the Hujialin Grt-Cpx rocks are well within the range of rodingites. However, no relict mineral characteristic of rodingite (such as prehnite, vesuvianite, etc.) (e.g. Rösli et al., 1991) has been observed, thus providing no mineralogical evidence for rodingitization before UHP metamorphism. The minor Ca enrichment at garnet rims cannot account for the overall Ca-rich compositions of the rocks. On the other hand, the reconstructed precursor clinopyroxene compositions plot well within the compositional field of cumulates. Therefore, the Ca-rich composition of the protoliths of the clinopyroxenites can explain the Ca-rich nature of the UHP Grt-Cpx rocks.
Compositional characteristics of the ultramafic rocks
The serpentinite and harzburgite are high in Mg and Cr, and low in Ti, Na, Ca and Al. These are characteristic features of refractory peridotites formed after the removal of large amounts of basaltic components. The low REE abundances of the harzburgite suggest earlier depletion in REE as a result of partial melting. Enrichment of LREE in the ultramafic rocks may be related to later interaction with fluids derived from the surrounding country rocks.
Although Mg-Fe partitioning between the constituent minerals may have been modified by high-pressure metamorphism, the high Mg and Ni contents in olivine and high Cr and Fe contents in chromite in the harzburgite must have been inherited from a depleted mantle protolith, consistent with an origin in a sub-arc mantle wedge (Dick & Bullen, 1984) . Orthopyroxene in the harzburgite contains very little Al (<0Á04 a.p.f.u.) and is enriched in Mg (X Mg ¼ 0Á920-0Á932), also suggesting a sub-arc depleted mantle origin (Koepke et al., 2002) .
Metamorphic evolution and P-T path
The presence of Al-spinel and absence of garnet and plagioclase in the igneous protoliths of the Hujialin Grt-Cpx rocks implies that the spinel clinopyroxenites crystallized at a depth near the crust-mantle transition zone. The 'Ca-in-olivine' geobarometer of Köhler & Brey (1990) was applied to an olivine inclusion in clinopyroxene in a sample of Grt-Cpx rock (RH86-06), assuming that it still retains its original Ca content in the cumulate protolith. This assumption is reasonable given that pargasite in clinopyroxene and spinel in garnet and clinopyroxene appear to have preserved their original composition through the UHP metamorphism. The barometer defines a P-T line at high temperatures (950-1100 C; Table 9 ), consistent with the suggestion that the olivine inclusion crystallized early in the igneous stage.
Whereas the presence of Al-rich spinel and clinopyroxene inclusions in garnet (Fig. 4e) controls the exsolution of garnet from clinopyroxene. Both reactions produce Ca-rich garnet. Reaction (1) defines a lower limit for the pressure, whereas reaction (2) defines the peak pressure of the Grt-Cpx rocks. Clinopyroxene becomes more diopsidic [increase in Ca/(Mg þ Fe) ratio] with increasing pressure because it is easier to transform the Mg-and Fe-rich pyroxene components into garnet (Akaogi & Akimoto, 1979) . This leads to an increase in Ca in garnet with increasing pressure, and may be the reason for the compositional zoning observed in the garnet porphyroblasts (Fig. 8) . Because of the difficulty of taking into account the effects of solid solution involving Fe 3þ and Ti in clinopyroxene and the problem of non-stoichiometry, the exsolution of garnet, ilmenite, magnetite, and spinel (not to mention amphibole) from clinopyroxene cannot be modelled quantitatively.
Peak metamorphic temperatures for the Grt-Cpx rocks were estimated using Fe-Mg exchange data on coexisting garnet and clinopyroxene in textural equilibrium. It is well known that temperature estimates obtained from the Grt-Cpx (Fig. 12) . At 4 GPa, one isotherm (bold line labelled 800 C) crosses the tie-lines for all the samples, except for sample RH85-08, as a result of the curvature at high X Ca Grt . By taking into account the temperature dependence on Mg and Mn in garnet (Krogh Ravna, 2000) , the 750 C isotherm is found to lie in the ranges of K D of all the samples. This suggests that Fe-Mg partitioning between garnet and clinopyroxene within different compositional and textural domains achieved equilibrium during high-pressure metamorphism.
The above two pressure-dependent reactions involving only the Mg end-members are calculated to constrain the peak metamorphic pressure for the Hujialin rocks by using THERMOCALC and the thermodynamic dataset of . Activities of mineral end-members are calculated as a Spl ¼ X Mg , where Powell, personal communication, 2004) , where
þ Ca þ Na) on the M2 site, and X Al T ¼ Al/(Al þ Si) and X Si T ¼ 1 -X Al T on the T sites in clinopyroxene. The results for the two reactions are given in Table 9 under 'Spl-Grt' and 'Al-in-Cpx', respectively. Intersections of the latter barometer with the GrtCpx Fe-Mg exchange thermometer give P-T estimates for four selected samples (Fig. 13) . The Grt Tables 3 and 4. megacryst-Cpx inclusion pair in sample RH86-16 yields the lowest pressure. This is not surprising in view of the elastic protecting effect of the inclusion by the host. Therefore, the higher-pressure estimates for other samples, in the range of 4Á2-5Á4 GPa and 750 AE 50 C, may be regarded as more appropriate for the equilibrium conditions. Given the low contents of Al in clinopyroxene, and unknown uncertainties in activity models, the uncertainties associated with the pressure estimates are Fig. 13 . P-T path of Hujialin Grt-Cpx rocks. Bold grey lines, this study; bold grey dashed lines, Zhang et al. (1994 Zhang et al. ( , 2000 and Hiramatsu & Hirajima (1995) ; bold grey dotted lines, . Grey triangular area is the P-T estimate for peak conditions. Open box and circle are P-T estimates by . Stage I, cumulate formation; stage II, initial cooling; stage III, UHP metamorphism; stage IV, final retrogression. Geothermobarometers used in this study: Ca-in-Ol/Cpx barometer (Köhler & Brey, 1990) , calculated using the compositions of olivine inclusions and host clinopyroxene; anhydrous solidus and Cpx-Grt phase relations at high temperature are from Harte & Gurney (1975) ; intersecting lines: Grt-Cpx thermometer (Krogh Ravna, 2000) and Al-in-Cpx barometer; c.g., continental geotherm (England & Thompson, 1984) . P-T pseudosection for harzburgite (SiO 2 ¼ 37Á12, CaO ¼ 0Á25, MgO ¼ 57Á33, FeO ¼ 5Á30, in mol %) in the system CaO-FeO-MgOSiO 2 -H 2 O (þ ol þ H 2 O), the Al-in-Cpx barometer, the spl þ cpx ¼ grt þ ol reaction, and the coesite ¼ quartz transition are all calculated using THERMOCALC. Dotted areas are the trivariant fields; dashed-line areas are the divariant fields.
large. However, the results are similar to those of other workers in the Su-Lu terrane. The very high pressure estimates for the different Grt-Cpx rocks are consistent with the significant Na contents in garnet. Rutile needles in the coarse-grained Ca-rich garnet in sample RH86-01 may be the product of exsolution, suggesting that a minor amount of Ti was dissolved in the garnet through substitutions such as Ti þ Na ¼ Ca þ Al and Ti þ (Ca,Mg,Fe) ¼ 2Al. Harte & Gurney (1975) described granular and lamellar garnet exsolution from clinopyroxene in a Grt þ Cpx inclusion in kimberlite, which has a compositional range similar to that of the Hujialin more pyrope-rich garnetite (RH86-16). The garnet in their sample contains unidentified fine acicular needles forming equilateral triangles similar to the rutile needles in the Ca-rich coarse-grained garnet from Hujialin (Fig. 4 g ). Harte & Gurney (1975) experimentally reequilibrated a subsolidus assemblage of Cpx þ Grt from 1150 C and 2Á2 GPa to 1400 C and 3Á8 GPa, in an anhydrous system. proposed two hypotheses for the origin of the Hujialin Grt-Cpx rocks. The first assumed that the precursor phase was a clinopyroxenite that was crystallized at 4-5 GPa and 1400 C and was then subducted to 5-7 GPa and 900-1120 C. Their estimates for the protolith conditions were based on the experimentally determined anhydrous solidus of clinopyroxenite (Harte & Gurney, 1975) , which is not directly applicable here because the Hujialin clinopyroxenite protoliths crystallized from a hydrous magma, as evidenced by the presence of amphibole inclusions and lamellae in clinopyroxene. Their second hypothesis assumed that the precursor mineral was a majoritic garnet formed at 15 GPa and 1500 C, from which clinopyroxene exsolved as a result of cooling and decompression. There is, however, no evidence for the existence of majoritic garnet in the Hujialin rocks. On the contrary, the TiO 2 content of the Hujialin garnet is 0Á48 wt %, far below the range (0Á8-4Á5 wt %) of garnet synthesized at 5-15 GPa in their experiments . Moreover, the REE patterns of clinopyroxene are not similar to those of garnet (Fig. 7a) , and, thus, not in favour of an exsolution origin from garnet.
As relatively fast cooling from the igneous stage prohibits extensive exsolution from taking place, it is suggested that the clinopyroxenite protoliths at Hujialin first cooled to a low temperature with only minor or no garnet exsolution; more extensive exsolution of garnet took place during subsequent subduction metamorphism. Implicit with the negatively sloping P-T paths proposed by Zhang et al. (1994 Zhang et al. ( , 2000 and Hiramatsu & Hirajima (1995) is an assumption that the cumulates cooled while subducting to great depth. This interpretation is not supported by the existing data. The high-temperature condition of crystallization for the cumulates is not typical of the surrounding mantle rocks, and it is more reasonable to envisage that the cumulates cooled to a temperature concordant with a normal geotherm appropriate for the crust-mantle boundary after their emplacement (Fig. 13) .
After peak metamorphism, the Hujialin rocks experienced amphibolite-facies metamorphism, as recorded by amphibole and chlorite in the matrix and titanite þ zoisite after garnet. The minor, inhomogeneous, and variably Ca-and Mn-enriched garnet rims and their frequently sharp contacts with the cores (Fig. 4f ) suggest that they are unlikely to be representative of the equilibrium composition of the garnet at the peak metamorphic stage, but rather resulted from late-stage Ca enrichment by fluids from the coevally serpentinizing host ultramafic rock.
No sign of the UHP metamorphic history is preserved in the serpentinites and harzburgite at and near Hujialin (Fig. 1) , except for the occurrence of layers of UHP eclogites and Grt-Cpx rocks in them. In the harzburgite, orthopyroxene and actinolite occur both as rare porphyroblasts and in the matrix, and talc and olivine crystallized at the expense of orthopyroxene. These indicate a retrograde part of the P-T path, as shown by a pseudosection in the system CaO-FeO-MgO-SiO 2 -H 2 O, with olivine and H 2 O in excess (Fig. 13) . Based on these considerations and the P-T estimates made above, the P-T path inferred for the Hujialin Grt-Cpx rocks, shared by the enclosing ultramafic rocks, is outlined in Fig. 13 . The P-T paths proposed by previous workers are also shown for comparison.
CONCLUSIONS
(1) The Hujialin Ca-rich Grt-Cpx layers in host ultramafic rocks were derived from spinel clinopyroxenites by exsolution of Ca-rich garnet, magnetite, ilmenite and hercynite from augite and transformation of spinel into garnet, as a result of burial. They were subjected to minor Ca enrichment coeval with serpentinization of the host ultramafic rocks after exhumation. The Grt-Cpx rocks cannot be the protolith of the Su-Lu garnet peridotites, nor are they slices of mantle pyroxenite, as proposed elsewhere.
(2) The reconstructed compositions [Al 2 O 3 vs Mg/ (Mg þ Fe 2þ ) correlation, Al IV /Ti ratios, Ca-Mg-Fe proportions and high Fe 3þ contents] of the original igneous augite, the presence of pargasite inclusions in clinopyroxene, and isotope compositions suggest that the Hujialin clinopyroxenites crystallized from a hydrous, subductionrelated, magma beneath an arc. Their relatively low Mg/(Mg þ Fe), Cr and Ni, and high Al, Ti, Zr, and V contents suggest that they were cumulates not from primary magmas in equilibrium with the mantle, but from magmas that had differentiated to variable extents.
(3) Peak metamorphic conditions for the Hujialin GrtCpx rocks are estimated to be in the range 4Á8 AE 0Á6 GPa and 750 AE 50 C. The lack of evidence for the former existence of a majorite component, and the low TiO 2 content in garnet, precludes the possibility that the rocks re-equilibrated at pressures >6 GPa. The minor rutile needles in coarse-grained Ca-rich garnet in sample RH86-01 imply only minor amounts of Ti þ Na ¼ Al þ Ca and/or Ti þ (Ca,Mg,Fe) ¼ 2Al substitutions in such garnet, if they were indeed the products of exsolution from the garnet.
(4) Given that cooling to the temperature of the surrounding lithosphere seems unavoidable after the igneous stage, the negatively sloped P-T paths proposed by some earlier workers for the Hujialin Grt-Cpx rocks are questionable. In any case, such P-T paths should not be used to argue for corner flow and mantle wedge subduction, because the Hujialin spinel clinopyroxenites probably crystallized in the lithosphere near the crustmantle boundary, rather than in the asthenospheric mantle.
